One sentence summary: Glycolipid biosurfactant derived from an epibiotic marine bacterium Staphylococcus lentus could be used as a biofilm disruptor to tackle infections in aquaculture farms and thereby to reduce usage of antibiotic. Editor: Rolf Kümmerli
INTRODUCTION
Aquaculture is one of the important food production sectors, and it contributes to about 44% of total fish production. A human population of 12% in the world depends on fisheries and aquaculture for their livelihood (FAO 2016) . Diseases caused by bacteria belonging to the genus Vibrio and Pseudomonas are major problem associated with aquaculture practices (Zarei et al. 2012; Thomas et al. 2014) . Vibrio harveyi, a primary pathogen of cultured species, causes mass mortality in aquaculture farms (Zhang et al. 2014a) . Similarly, Pseudomonas aeruginosa is an opportunistic pathogen of cultured species that decreases growth rate and leads to mortality (Khalifa, Khallaf and Hashem 2016) .
Preventing bacterial diseases is a major challenge and conventional methods of using antibiotics are often found to be ineffective. Most of these pathogens form biofilms in aquaculture farms as a survival strategy (Kamruzzaman et al. 2010; Defoirdt et al. 2011) . Biofilms are aggregates of microbial communities that grow on different surfaces and they are more resistant towards antimicrobial agents compared to their planktonic counterparts (Høiby et al. 2010) . The indiscriminate use of antibiotics in aquaculture farms has resulted in the emergence of resistant strains . Residual antibiotics in cultured organisms pose a potential health risk to human consumers (Chen et al. 2015) . Moreover, contamination of nearby natural water bodies due to infiltration of antibiotics is another concern . On account of these issues, a search for novel, natural compounds that can be used in aquaculture farms to prevent infections and reduce use of conventional antibiotics is essential.
In recent years, biosurfactants have been used as alternative to antimicrobial agents (Manivasagan et al. 2014) . Biosurfactants are a heterogeneous group of secondary metabolites that contain hydrophilic and hydrophobic moieties within their structures. They are less toxic, effective under different environmental conditions and are biodegradable (Padmavathi and Pandian 2014) . Biological surfactants can be obtained from microorganisms that are derived from various habitats including marine ecosystems. The marine environment is rich source of bioactive compounds (Dobretsov, Teplitski and Paul 2009) . Generally, these compounds protect marine bacteria from competing microorganisms and from bacterivorous eukaryotic predators (Nasrolahi et al. 2012) . Some marine epibiotic bacteria associated with higher organisms produce surface active compounds such as glycolipids, phospholipids, lipopeptides, polymeric compounds, mycolic acids and lipopolysaccharides (Anburajan et al. 2015; Sundaram and Thakur 2015; Santos et al. 2016) .
Marine environments are hot spots for microbial diversity (Blunt et al. 2017) . Various surface active compounds derived from the marine environment can prevent cell adhesion and disrupt microbial biofilms in general (Dusane et al. 2011; Padmavathi and Pandian 2014) . However, investigations targeted towards handling aquaculture-associated pathogens are limited (Zhang et al. 2017) . Therefore, in the current investigation, we have tested a biosurfactant (BS-SLSZ2) produced by a marine bacterium for its antibiofilm potential against aquaculture pathogens. We examined the efficacy of BS-SLSZ2 in controlling aquaculture infections in the crustacean model system, Artemia salina. The ability of this organism to filter feed and engulf bacteria makes it a popular system for developing oral vaccines, probiotic preparations and for performing infectivity tests. Moreover, A. salina is extensively used as live feed in aquaculture practices (Toi et al. 2014) . In the present study, we report (i) isolation and identification of an epibiotic marine bacterium, Staphylococcus lentus, with potential antibiofilm activity; (ii) characterization of the antibiofilm compound produced by S. lentus; (iii) determination of biosurfactant nature of this antibiofilm compound; (iv) antibiofilm and anti-adhesion potential of purified biosurfactant and (v) evaluation of efficacy of this biosurfactant against V. harveyi and P. aeruginosa infections by in vivo challenge tests using A. salina, as a representative aquaculture model system.
MATERIALS AND METHODS

Isolation and identification of an epibiotic marine bacterium with antibiofilm activity
An epibiotic marine bacterium was isolated from the surface of a snail specimen (Phasinella species) collected from seawater near Mandapam, Tamil Nadu, India (9.28 • N, 79.12 • E). The strain was obtained during a previous exploratory study on the isolation of epibiotic marine bacteria and their screening for bioactive compounds. This bacterium was isolated on Luria Bertani (LB) agar (HiMedia, Mumbai, India) containing casein enzymic hydrolysate: 10.0; yeast extract: 5.0; sodium chloride: 1.0; agar 2.5 g L -1 of distilled water for 24 h. The culture was stored in the form of glycerol stocks at -80 • C, and fresh vials were used for each experiment. The isolate was identified on the basis of morphological features, biochemical characteristics and 16S rRNA gene sequencing. The morphology was observed under an optical microscope (after Gram staining) and by using a scanning electron microscope (SEM) Model JEOL JSM 6360A. Biochemical tests such as oxidase, catalase, gelatinase and esculin hydrolysis were carried out. Utilization of different sugars and sugar alcohols was evaluated by using Hi-Carbo identification kit (HiMedia, Mumbai, India). The phylogenetic tree was constructed by using the software MEGA7.0.26 by maximum likelihood method. Reliability of tree topology was tested by bootstrap analysis. This marine bacterium was screened for its antibiofilm activity. Preliminary tests were carried out by using the cell free supernatant (CFS) derived from this marine bacterium. For this, the epibiotic bacterium was grown in LB broth at 30
• C with shaking for 72 h. The culture broth was centrifuged at 10 000 × g for 10 min, and the supernatant was filter sterilized by using 0.22 μm filters (Millipore, Massachusetts, USA). Antibiofilm potential of this CFS was investigated against V. harveyi (MTCC 7771) and P. aeruginosa (MTCC 2295). To check the effect of the CFS in inhibiting biofilm formation, 20 μL test cultures were individually inoculated in 180 μL of LB broth in 96-well polystyrene microtiter plates (Tarsons, Kolkata, India). To this, CFS derived from the marine bacterium (100 μL) was added and the culture was allowed to grow. After an incubation period of 24 h at 30
• C, the spent medium was discarded and the wells were washed thrice with sterile phosphate buffer (0.1 M, pH 7.0). The plates were air-dried and stained with crystal violet (CV). The excess stain was washed with sterile phosphate buffer and the plates were again air-dried. The biofilms were treated with absolute ethanol, and quantification of biofilm was performed by measuring absorbance at 600 nm on a SpectraMax M5 multimode microplate reader (Dusane et al. 2008) . The efficiency of CFS to disrupt mature biofilms was also investigated. Both the test cultures were allowed to individually form biofilms on polystyrene surfaces for 24 h. The residual medium was discarded, wells were washed with sterile phosphate buffer and fresh medium was added along with 100 μL of the CFS. After an incubation period of 24 h, residual biofilms were quantified by the CV assay as described above. Untreated wells containing test cultures were used as controls during the experimentation. The results are expressed in terms of % inhibition of biofilm formation in the presence of CFS compared to untreated wells (considered 100% biofilm formation).
Extraction and purification of biosurfactant (BS-SLSZ2)
The antibiofilm compound BS-SLSZ2 was extracted from the CFS derived from marine epibiotic bacterium identified as S. lentus. The CFS obtained from this bacterium was extracted with two volumes of chloroform:methanol (2:1), the organic fraction was concentrated in a rotary evaporator and subjected to column chromatography. For this, crude preparation was loaded on to 60-120 mesh silica gel columns (SRL, Mumbai, India). This column was first washed with 100% chloroform; eluted with different ratios of chloroform:methanol (90:10, 87:13, 85:15, 83:17, 81:19, 50:50) and finally washed with 100% methanol (EspinosaCueto et al. 2015) . All eluted fractions were collected, the organic solvent was evaporated and the contents were re-suspended in water. These were checked for antibiofilm activity by following the co-incubation protocol described above.
Characterization of BS-SLSZ2
The fraction displaying antibiofilm potential was subjected to thin layer chromatography (TLC silica gel 60 F 254 , Merck, Mumbai, India). The plates were developed in a solvent system containing chloroform, methanol and water (70:25:5), and treated with different location agents such as orcinol-sulfuric acid (for glycolipids) and ninhydrin for lipopeptides (White, Hird and Ali 2013 ). An orcinol-positive fraction (containing a glycolipid) was used for further studies. In order to determine the functional groups in the biosurfactant BS-SLSZ2, Fourier Transform Infra-Red (FTIR) analysis was carried out (Dusane et al. 2011) . The glycolipid (1 mg dry weight) was ground with potassium bromide (KBr) and FTIR spectra were recorded on a Schimadzu FTIR spectrophotometer (FTIR 8400) with a resolution and wave number accuracy of 4.0 and 0.01 cm -1 , respectively.
In order to identify the components in the glycolipid, BS-SLSZ2 was re-suspended in distilled water and hydrolyzed with equal volume of 2 mol L -1 trifluoro acetic acid obtained from SRL. The sample was hydrolyzed at 100
• C for 4 h (Boual et al. 2012) . The hydrolysate was extracted twice with diethyl ether to obtain the fatty acid fraction. The collected fatty acids were esterified with 2 mol L -1 HCl in methanol for 40 min at 100
• C. The resultant fatty acid methyl esters were extracted in n-hexane, concentrated and analyzed on a gas chromatograph-mass spectrometer (GC-MS) Model Shimadzu QP 2010 ultra-equipped with a RTX-5MS (30 m × 0.2 mm) capillary column. Helium was used as the carrier gas (1.5 mL min -1 ). The temperature was programmed from 60 • C to 260
• C at the rate of 5
• C min -1 and held at 260
• C for 10 min. The injector was maintained at 260 • C, the electron impact ion source was maintained at 200
• C and electron impact spectra were recorded at 70 keV (Dusane et al. 2011) . The aqueous fraction left behind after ether extraction was used to analyze the sugar component. The silylation reaction was performed by treating this fraction (5 mg dry weight) with 1 mL pyridine (SRL, Mumbai, India), 200 μL hexamethyldisilazane and 100 μL chlorotrimethylsilane (Sigma, Massachusetts, USA). Trimethyl silyl (TMS) ethers were extracted and analyzed by GC-MS (Ruiz-Matute et al. 2011) . The constituents of the glycone and aglycone moieties were identified from the NIST database. The sugar fraction (identified as threose on the basis of GC-MS analysis) was loaded on to TLC plates along with standard sugars including L-(+)-threose (Sigma, Massachusetts, USA) and R f values were compared. The plates were developed in chloroform:methanol:water (65:25:4) and subjected to orcinol-sulfuric acid staining. The molecular mass of the identified sugar (threose) was also confirmed by using a high-resolution mass spectrometer (HRMS) Model Bruker Impact, ESI-QTOF.
Determination of surfactant properties of the BS-SLSZ2
The surface active properties of the BS-SLSZ2 were tested by using following techniques.
Drop collapse assay
For this, microtiter plate lids were pre-coated with mineral oil and equilibrated for 1 h at 37
• C. Aliquots (5 μL) of sterile distilled water (negative control), BS-SLSZ2 (1 mg mL -1 ) and 1% SDS (positive control) were individually placed onto the surface of microtiter plate lids and drop collapse was noted. CV was added for better visualization of drop collapse (Kiran, Sabarathnam and Selvin 2010) .
Determination of surface tension and critical micelle concentration
Surface tension (SFT) of BS-SLSZ2 was determined by the pendant drop technique using Optical Contact Angle Goniometer (OCA 15+, DataPhysics Instruments GmbH, Germany). The equilibrium shape of the pendent drop was captured using chargecoupled device (CCD) camera and analyzed in real time by using SCA 20 software. The axisymmetric pendant drop shape analysis was carried out by using Laplace-Young's equation for determining the SFT value (Banpurkar et al. 2017) . For determining the critical micelle concentration (CMC), biosurfactant preparations containing different concentrations (0.1-60 mg mL -1 ) were prepared in phosphate buffer saline (PBS; 0.1 M, pH 7.0). SFT values of each dilution were determined on the above instrument, and the CMC was determined by plotting values of SFT versus concentration of biosurfactant on semi-log scale. CMC was represented as the point at which the baseline of minimal SFT intersects the slope where SFT shows a linear decline. PBS was used as the control sample in this experiment.
Determination of interfacial tension and water contact angle
The interfacial tension (IFT) of the BS-SLSZ2 was determined by the pendent drop technique on the OCA Goniometer. A glass cuvette (l = 35 mm, b = 22 mm and, h = 25 mm) was cleaned in an ultrasonic bath using aqueous detergent solution. This was followed by sequential washing with distilled water, acetone, ethanol and isopropyl alcohol. The dried cuvette was filled with 15 mL of commercially procured kerosene and placed on the platform of the Goniometer. A syringe was filled with control and BS-SLSZ2 solutions (at CMC concentration) and the tip of the syringe was dipped completely in kerosene filled in the glass cuvette, a pendent drop of BS-SLSZ2 solution in kerosene was formed. The IFT measurements were taken between two immiscible liquids. Water contact angle (CA) between biosurfactant (at CMC) and different surfaces were also measured on the Goniometer. For this, sessile drops (5 μL) of control and BS-SLSZ2 samples were drop casted on different surfaces. Three type of surfaces viz. Teflon, polystyrene and glass were used for this experiment. The left and right CA between BS-SLSZ2 solution and surfaces were measured by fitting a circle to the sessile droplet. This experiment was repeated several times and determined the average CA.
Emulsification activity of BS-SLSZ2
Emulsification activity was determined by mixing 2 mL of hydrophobic substrates (n-hexadecane, n-octadecane, kerosene, mineral oil, motor oil or sunflower oil) with equal volumes of BS-SLSZ2 preparation (at CMC) in glass tubes. The tubes were vortexed for 2 min and incubated at 37
• C for 24 h. Emulsification index (E 24 ) values in percentage were calculated on the basis of height (in mm) of the emulsified layer and total height of the liquid column (Gudiña et al. 2015) .
Antibiofilm potential of purified BS-SLSZ2
To determine inhibitory activity of purified BS-SLSZ2 on the polystyrene surface, both the test cultures were co-incubated with the glycolipid at concentrations between 1.25 and 2500 μg (0.0125-25 mg mL −1 ) in 96-well polystyrene microtiter plates. After an incubation period of 24 h, biofilm formation was quantified by CV assay. Similarly, effect of BS-SLSZ2 in disruption of pre-formed biofilms was also checked. For this, biofilms were formed by both the test cultures in a 96-well polystyrene microtiter plate. After 24 h, these biofilms were treated with purified BS-SLSZ2 solution at concentrations similar to the coincubation experiment (1.25-2500 μg) and quantified by CV assay. The results of these experiments are expressed in terms of percentage of biofilm disruption compared to untreated control wells that represented 100% biofilm formation.
Biofilm disruption on glass surfaces
To check the effect of BS-SLSZ2 on biofilms after co-incubation, test cultures were allowed to form biofilms on pre-sterilized glass slides (5 × 5 mm) in the presence of the BS-SLSZ2. The glass slides were immersed in individual wells of 24-well microtiter plates (Tarsons, Kolkata, India) containing 3 mL of LB medium and BS-SLSZ2 (20 μg). After incubation for 24 h on a rocker, the slides were removed, washed twice, air-dried and treated with 4% gluteraldehyde prepared in 1 mM PBS. The treated slides were kept in the dark for 2 h, and they were successively dehydrated through an alcohol series. The slides were coated with platinum (∼30 nm thick) and observed under a SEM (JEOL JSM 6360A). Similarly, the effect of BS-SLSZ2 on disrupting pre-formed biofilms was also checked. Biofilms formed on pre-sterilized microscopic glass slides were treated with BS-SLSZ2 (20 μg) and further incubated for 24 h. After the incubation period, the slides were fixed and subjected to SEM observations.
Anti-adhesion and antimicrobial activity
To evaluate the mode of antibiofilm activity displayed by BS-SLSZ2, the anti-adhesive nature of BS-SLSZ2 was tested. For this, the cells (in LB broth) were allowed to adhere in wells of 96-well polystyrene microtiter plate (for 4 h) in the presence of different concentrations of the purified BS-SLSZ2 (1.25-2500 μg). After the incubation period, the medium was discarded, the wells were washed thrice with PBS, air-dried, stained with CV and absorbance at 600 nm was measured. The wells without addition of BS-SLSZ2 were considered as control. Antimicrobial activity of the surfactant BS-SLSZ2 was also tested by the standard agar well-diffusion technique (Hamza, Kumar and Zinjarde 2016) . In addition, cells of V. harveyi and P. aeruginosa were grown in LB broth in 96-well plates. Different concentration of BS-SLSZ2 (1.25-2500 μg) were added to the medium and incubated for 24 h at 30 • C. These plates were monitored for growth by measuring absorbance at 600 nm. Colony forming units after 24 h of incubation were also determined by spread plate method.
Efficacy of BS-SLSZ2 in protecting A. salina against infection
In vivo challenge experiments were performed to test the efficacy of the BS-SLSZ2 in protecting A. salina against V. harveyi and P. aeruginosa infections. As a preliminary test, toxicity of BS-SLSZ2 towards A. salina was evaluated. Artemia salina cysts were obtained from Aquatic remedies, India, were disinfected and decapsulated by sodium hypochlorite (NaOCl) treatment (Neu et al. 2014) . Decapsulated cysts were washed with autoclaved artificial seawater (35 g L -1 of sea salts, Sigma, Massachusetts, USA, in distilled water) and incubated for 24 h for hatching. Groups of 20 larvae (instar II stage nauplii) were collected with the aid of a Pasteur pipette and transferred to sterile glass tubes containing autoclaved artificial seawater. These larvae were fed with 1.5 mL of yeast suspension (0.6%) everyday. The purified BS-SLSZ2 at CMC level (18 mg mL -1 ) was added to glass tubes containing the larvae and viability counts were taken at intervals of 24 h. The control group was kept without BS-SLSZ2 treatment and the experiment was continued for 7 days. For in vivo challenge experiments, A. salina larvae (20 larvae in a tube) were infected with V. harveyi and P. aeruginosa (10 6 cells). BS-SLSZ2 preparation (18 mg mL -1 ) was added to these tubes 6 h prior to infection. Control groups were kept without addition of BS-SLSZ2 preparation. Survival of A. salina challenged with test cultures were checked for 7 days post infection by counting live larvae and percentage of survival was calculated (Niu et al. 2014) .
Statistical analysis
All the experiments were performed in triplicates by using two biological replicates and representative data or images are presented. For graphical representations depicting biofilm disruption and A. salina challenge tests, observations were also made in triplicates with two biological replicates and results are expressed as mean values with their standard deviations. The observations for biofilm disruption studies were evaluated statistically by using Student's t-test. For A. salina survival related studies, Kaplan-Meier constants were plotted and statistical evaluation was done by log rank tests. Treatments were considered significant when P ≤ 0.05.
RESULTS
Identification of the marine bacterium with potential antibiofilm activity
The epibiotic marine bacterium was identified on the basis of morphological characters, biochemical tests and 16S rRNA gene sequencing. The bacterium formed cream colonies on LB agar plates (Fig. 1a) . Scanning electron microscopic images revealed the coccoid nature of bacterium (Fig. 1b) . The results on the utilization of sugars, sugar alcohols and other biochemical tests are presented in Table 1 . The 16S rRNA gene sequence of the isolate was deduced and this has been deposited in the NCBI GenBank with accession number KU572478. The sequence showed 99% similarity with S. lentus (GenBank accession numbers KC172001, EF528296 and AB219154). The phylogenetic tree constructed by using the software MEGA 7.0.26 is shown in Fig. 1c . On the basis of morphological properties, results of biochemical tests and 16S rRNA gene sequence, this marine epibiotic isolate was identified as S. lentus and is designated as strain SZ2. The CFS derived from the marine strain of S. lentus was evaluated for its antibiofilm potential. When the CFS of S. lentus was individually co-incubated with V. harveyi and P. aeruginosa, biofilm formation was inhibited by 82.93 ± 4.06 and 83.79 ± 3.85%, respectively. In addition, the CFS also disrupted preformed biofilms of both the test cultures with comparable efficiency. Under such conditions, 82.56 ± 2.5% of V. harveyi and 79.83 ± 1.85% of P. aeruginosa biofilms, respectively, were disrupted (Fig. 1d) . Inhibition with both the test cultures was statistically significant with P = 0.001, when results of test experiments were compared with those of untreated controls.
Purification and characterization of the BS-SLSZ2
The antibiofilm compound present in the CFS was extracted with chloroform:methanol (2:1). The aqueous portion after solvent extraction did not display antibiofilm activity suggesting that the bioactive compound was organic in nature. This compound was further purified by column chromatography. The fraction eluted with chloroform:methanol in a ratio of 87:13 displayed antibiofilm activity and was characterized further. After TLC and subsequent staining with orcinol-sulfuric acid, a single spot with an R f value of 0.42 was observed (Fig. S1a, Supporting  Information) . On the basis of orcinol-sulfuric acid staining, the compound (BS-SLSZ2) was deduced to be a glycolipid. Staining with ninhydrin did not yield any positive result. The functional groups present in the BS-SLSZ2 were identified by FTIR analysis. The peak at 3438 cm -1 is characteristic of the -OH free stretching due to hydrogen bonding. The peaks at 2950, 2922 and 2850 cm -1 indicated aliphatic bond stretch of -CH 3 , -CH 2 and -CH groups; the peak at 1380 cm -1 was associated with the bending of -OH bonds in the carboxylic acid group and the peak at 1215 cm -1 depicted C-O-C stretching. In addition, the presence of a sugar The glycolipid (BS-SLSZ2) was hydrolyzed, fatty acid components were extracted, methyl esterified and subjected to GC-MS analysis. Two major peaks were obtained. When mass fragmentation patterns of these were matched with NIST database entries, the fatty acids were identified as hexadecanoic and octadecanoic acid (Fig. S1c and S1d, Supporting Information). The sugar component (present in the aqueous part after hydrolysis and solvent extraction) was derivatized by silylation. The resultant TMS ethers were analyzed by GC-MS, and the sugar was identified by comparison with the NIST database. The GC profile showed the presence of a single peak. The fragmentation pattern (Fig. S2a , Supporting Information) of this matched with the TMS derivative of threose, a four-carbon sugar (Fig. S2a, inset , Supporting Information). Furthermore, the R f value of the extracted sugar after TLC (Fig. S2b , lane 1, Supporting Information) matched with that of standard L-(+)-threose (Fig. S2b, lane 2 , Supporting Information). HRMS analysis also showed the presence of a peak with mass matching that of threose (Fig. S2c , Supporting Information marked by black arrow). We have thus identified the glycone [a four-carbon sugar (threose)] and aglycone components [two types of fatty acids (hexadecanoic and octadecanoic acid)] in BS-SLSZ2. From FTIR profiles it appears as if the glycone component is linked to aglycone part via an ester linkage (peak at 1150 cm −1 ).
Determination of surfactant activity of BS-SLSZ2
To determine the surfactant activity of the BS-SLSZ2, drop collapse assay, SFT reduction, IFT and water CA measurements were made. In comparison with the control drop, with the BS-SLSZ2 collapse was observed after 1 min of incubation. The diameter of the collapsed drop was comparable to that observed with 1% SDS, the positive control (data not shown). Biosurfactant solutions of various concentrations were prepared and SFT values were determined (Fig. 2) . The SFT was seen to reduce from 72 (control buffer) to 22 mN m -1 and CMC was calculated as 18 mg mL -1 (Fig. 2 inset graph) . The size and shape of pendant drop formed by the control (1) and BS-SLSZ2 (2) solution are shown as insets in Fig. 2 . Similarly, IFT between water and kerosene was also found to be reduced with BS-SLSZ2 solution. Biosurfactant concentration at CMC was able to reduce IFT from 25 mN m (control buffer) to 4.13 mN m -1 . Reduction in water CA was also measured on different surfaces by using control buffer and BS-SLSZ2 solution at CMC. The maximum reduction in CA was observed on polystyrene surface from θ = 73
• to θ = 24.7
• , followed by Teflon (θ = 132.9
• to 113 • ) and glass (θ = 45.5
• to 38 • ) surfaces.
The shape of the sessile drop formed by BS-SLSZ2 solution on different surfaces in comparison with control buffer is shown in Fig. 3 . The drop formed by BS-SLSZ2 solution on polystyrene surface was found to be flattened in comparison with the drop formed by control buffer. BS-SLSZ2 could emulsify the hydrocarbons and oils that were tested. Maximum E 24 value was observed with motor oil (80.9%) followed by mineral oil (56%), sunflower oil (52%), n-octadecane (50%), kerosene (47.36%) and n-hexadecane (36%). The results of all tests indicated that the purified glycolipid (BS-SLSZ2) had surfactant and emulsifier properties. 
BS-SLSZ2 mediated inhibition of biofilm
Biofilm growth of V. harveyi and P. aeruginosa was inhibited in a concentration-dependent manner when co-incubated with the BS-SLSZ2 (1.25-2500 μg). The efficiency of BS-SLSZ2 against both the cultures was found to be comparable especially at higher concentrations. The cells of V. harveyi and P. aeruginosa were inhibited by 70.27 ± 4.03 and 73.7 ± 1.78%, respectively, when co-incubated with the BS-SLSZ2 with a concentration of 10 μg (Fig. 4a) . Biofilm formation by both the cultures was respectively inhibited up to 80.33 ± 2.16 and 82 ± 2.03% when BS-SLSZ2 concentration was 20 μg. In addition, the BS-SLSZ2 effectively removed mature biofilms of both the test cultures from the polystyrene surfaces. Pre-formed biofilms of V. harveyi were disrupted up to 66.81 ± 2.82 and 78.7 ± 1.93% with the BS-SLSZ2 at 10 and 20 μg, respectively. The biofilm formed by P. aeruginosa was disrupted by the BS-SLSZ2 up to 71.09 ± 2.82 and 81.7 ± 0.59% (for 10 and 20 μg, respectively) as depicted in the Fig. 4b . The inhibition in both the cases (after coincubation and disruption of pre-formed biofilms) with the two test cultures was found to be statistically significant (P = 0.001) when comparisons were made between treated and untreated samples. 
Microscopic analysis of biofilm disruption on glass surface
Biofilms of both the cultures were allowed to form on glass surfaces in the absence and presence of the BS-SLSZ2. Both the test cultures formed extensive biofilms as depicted in Fig. 5a and d. On co-incubation with the BS-SLSZ2 (20 μg), biofilm formation was inhibited effectively as shown in Fig. 5b and e for V. harveyi and P. aeruginosa, respectively. In addition, pre-formed biofilms were also disrupted when treated with the BS-SLSZ2 (Fig. 5c and f) . These microscopic images confirmed the efficiency of the BS-SLSZ2 as a potential antibiofilm agent.
Anti-adhesion and antimicrobial activity
Antibiofilm property displayed by the BS-SLSZ2 can be due to anti-adhesive or bacteriocidal activity. Anti-adhesion property of BS-SLSZ2 was studied by microtiter plate assay. Compared to control experiments, in the presence of the BS-SLSZ2, adhesion was decreased in a concentration-dependent manner (Fig. S3a , Supporting Information). The attachment of V. harveyi cells to polystyrene surfaces was significantly inhibited (62.2 ± 3.81 and 79.2 ± 2.41%) when the BS-SLSZ2 was included at a concentration of 10 and 20 μg. The attachment of P. aeruginosa cells was also found to be inhibited in a dose-dependent manner (68.97 ± 2.66 and 80.05 ± 2.21% at concentrations of 10 and 20 μg of the BS-SLSZ2, respectively). The anti-adhesion activity against both the test cultures was found to be statistically significant with P = 0.001 in case of the treated cells compared to the untreated controls. To evaluate whether the antibiofilm activity associated with the BS-SLSZ2 was due to its bacteriocidal activity, standard agar well diffusion assay was performed. No clearance zones around wells containing the BS-SLSZ2 were observed with both test cultures (Fig. S3b: V. harveyi, Supporting Information; S3c: P. aeruginosa, Supporting Information). The absence of bactericidal activity was also established by growing these pathogens in LB broth in the presence of different concentrations (0.0125-25 mg mL −1 ) of BS-SLSZ2. After an incubation period of 24 h, the optical density (depicting microbial growth) in the absence and presence of BS-SLSZ2 did not show considerable variation (Fig.  S4a, Supporting Information) . Moreover, colony forming units in test and control samples were also found to be comparable (Fig.  S4b, Supporting Information) . On the basis of these experiments, it was confirmed that the biosurfactant derived from the marine S. lentus strain did not possess bactericidal activity and was a potential antibiofilm agent on the basis of its anti-adhesive properties.
Efficacy of BS-SLSZ2 in protecting A. salina
In the current investigation, the efficacy of the S. lentus-derived biosurfactant (BS-SLSZ2) in protecting A. salina against V. harveyi and P. aeruginosa infection was tested. For this, as a preliminary experiment, the toxicity of BS-SLSZ2 was evaluated. The survival rate of larvae treated with the BS-SLSZ2 was calculated and compared with untreated group. These values were found to be comparable as depicted in Fig. 6a . Seven days post treatment, the control larvae group showed 83.33 ± 2.58% survival. In the treated group, 85 ± 4.47% of the organisms survived. These results indicated the non-toxic nature of the BS-SLSZ2. The survival of A. salina larvae challenged with V. harveyi and P. aeruginosa was checked 24 h post infection. Mortality was observed in the group of infected larvae after 48 h. Seven days post infection, the survival rate of the group of larvae infected with V. harveyi was found to be lower (5 ± 4.4%). However, the group of larvae treated with BS-SLSZ2 survived better (67.5 ± 6.12%) as shown in the Fig. 6b (black line and dotted line, respectively). Similarly, better survival rate was observed in the group of treated larvae (75 ± 4.47%) compared to the group of larvae infected with P. aeruginosa (15.83 ± 4.9%) as depicted in the Fig. 6c (black line and dotted line, respectively). On the basis of the Kaplan-Meier curves, it was evident that BS-SLSZ2 was effective in protecting A. salina larvae against V. harveyi and P. aeruginosa infections. These observations were found to be statistically significant (P = 0.001) when comparisons were made between control and test samples. The anti-adhesive properties associated with BS-SLSZ2 
DISCUSSION
Microbial biofilms are detrimental in aquaculture farms as these cells are highly resistant to antibiotic treatments (Zhang et al. 2014b) . Indiscriminate use of antibiotics has led to the emergence of resistant bacteria in aquaculture farms (Dubert et al. 2016 ). In the current study, we have therefore investigated the role of natural products as biofilm disruptors and their efficiency in protecting a representative aquaculture model system A. salina against two major aquaculture pathogens, namely V. harveyi and P. aeruginosa. Epibiotic bacteria associated with marine organisms such as corals, sponges, snails and mollusks often produce bioactive compounds that prevent attachment and growth of competing microorganisms (Dobretsov et al. 2015; Wu et al. 2015) . Such epibiotic bacteria are thus potentially significant for bioprospecting different types of bioactive compounds. In this study, an epibiotic bacterium isolated from snail specimen and identified as S. lentus displayed antibiofilm potential against aquaculture pathogens. This bacterium belongs to the S. sciuri group. Members of this group are widely distributed in nature (Nemeghaire, Argudín and Fessler 2014) . For example, this bacterium was found to be a part of a diesel degrading consortium obtained from oil-polluted soil (Moliterni et al. 2012) . There are also a few reports on the isolation of S. lentus from the marine environment (Zhang et al. 2009; Apte et al. 2016) . However, to the best of our knowledge, there are no reports on the antibiofilm potential of this organism and hence the present study was taken up. A variety of microorganisms isolated from terrestrial, freshwater and wastewater samples produce surface active agents such as glycolipids, lipopeptides, phospholipids, fatty acids and lipopolysaccharides. In addition, marine ecosystems are rich in biodiversity. They harbor a diverse collection of flora and fauna with unique metabolic and physiological capabilities. Bacteria associated with macroscopic forms produce novel metabolites that are not habitually reported from terrestrial origin. On the basis of analytical characterization via TLC, FTIR, GC-MS and HRMS techniques, several investigators have validated the presence of different components in biosurfactants (Kiran, Sabarathnam and Selvin 2010; Andrade et al. 2015) . We have also identified the glycone [a four-carbon sugar (threose)] and aglycone components [two types of fatty acids (hexadecanoic and octadecanoic acid)] in BS-SLSZ2. On the basis of FTIR analysis, it appears as if the glycone component is linked to aglycone part via an ester linkage (Tuleva, Ivanov and Christova 2002) . Determination of exact molecular structure is often challenging (Satpute et al. 2016) and is beyond the scope of this study. BS-SLSZ2 was unusual in that it has a hitherto unreported sugar as the glycone component. This sugar is reported to display bacteriostatic properties against Vibrio species by inhibiting transport of glucose across the cell membrane (Nath and Datta 1970) . There is a study on the production of threose by an exopolysaccharidedeficient mutant of Methylobacillus sp. (Yoshida et al. 2000) and report on the presence of threose along with other sugars of bacterial origin in marine sediments (Moers et al. 1990 ). Different glycolipids are reported to have a variety of sugars as their glycone components (Paulino et al. 2016) . We have determined the surfactant properties associated with BS-SLSZ2 by various standard techniques such as oil drop collapse assay, reduction in SFT, IFT and water CA measurements (Velmurugan et al. 2015; Banpurkar et al. 2017) . The SFT decreased progressively with the increasing concentration of BS-SLSZ2. In the present study, CMC (the concentration of an amphiphilic compound at which micelle formation is initiated in solutions) was found to be 18 mg mL -1 . There are reports of CMC values for different biosurfactant ranging from 5 to 348 mg mL -1 (Abbasi et al. 2012; Li et al. 2016) . Lower values of CMC indicate higher efficiency as less quantities of surfactant are required to reduce SFT (Sriram et al. 2011 ). BS-SLSZ2 was thus considered to be an efficient surfactant. BS-SLSZ2 reduced IFT between water and kerosene as also reported earlier with Bacillus subtilis (Joshi, Bharucha and Desai 2008) . At CMC values, we observed that water CA on different surfaces decreased. Maximum reduction was observed on polystyrene surfaces. Similarly, in a previous report it was observed that trehalolipid biosurfactant produced by Rhodococcus ruber could reduce CA on polystyrene surface and prevent adhesion of biofilm formers (Kuyukina et al. 2016) . Most of the aquaculture-associated pathogens adhere on to polystyrene surfaces and cause infections in aquaculture settings (Snoussi et al. 2009; Kunttu et al. 2011) . The BS-SLSZ2 derived from S. lentus could thus be effective under such conditions. In the present study, we have used a marine natural product (BS-SLSZ2) as an effective alternative strategy to control biofilms in aquaculture systems instead of the conventionally used antibiotics. BS-SLSZ2 effectively inhibited biofilms of both aquaculture pathogens. Moreover, it could effectively remove mature biofilms formed on the surface of polystyrene surfaces. Scanning electron microscopic studies revealed the efficiency of BS-SLSZ2 on glass surfaces also. There are earlier reports on the disruption of V. harveyi and P. aeruginosa biofilms by products derived from marine cultures (Dusane et al. 2013; Santhakumari et al. 2016) . However, the applications of these kinds of natural products specifically on aquaculture pathogens are limited (Hamza, Kumar and Zinjarde 2016) . Adhesion properties of pathogens are important for successful colonization and subsequent formation of biofilms by these microorganisms. In this regard, V. harveyi and P. aeruginosa are known to adhere on different surfaces (Bruzaud et al. 2015; Kong et al. 2015) . Bacteria adhere onto surfaces of pipes and tanks in hatcheries and reside as biofilms (Karunasagar, Otta and Karunasagar 1996) . The extracted biosurfactant (BS-SLSZ2) displayed anti-adhesion activity against both the test cultures. It is revealed that the BS-SLSZ2 efficiently inhibited the initial step of biofilm formation by preventing attachment. There are earlier reports on biomolecules derived from marine bacterial cultures being effective in preventing attachment of Vibrio and Pseudomonas species to different surfaces (Nithya and Pandian 2010; Hamza, Kumar and Zinjarde 2016) . Moreover, biosurfactants obtained from certain marine bacteria (B. circulans and P. fluorescens) have been effective in preventing biofilm formation of human pathogens on catheters and other surgical implants (Das, Mukherjee and Sen 2009; Janek, Lukaszewicz and Krasowska 2012) . In the future, BS-SLSZ2 could be used to control medically relevant biofilms.
Antimicrobial activity of BS-SLSZ2 was also tested against both the test cultures. The BS-SLSZ2did not display any bacteriocidal activity against both the cultures. This feature is important in the development of drugs that are used to treat biofilm-related infections. In such cases, the chances of bacteria developing resistance towards antibiotics are reduced (Mah and O'Toole 2001) . Moreover, this feature would also be advantageous for its use as an antibiofilm agent in environmental settings like aquaculture farms as planktonic natural microflora would not be harmed. Exopolysaccharide A101 composed of galacturonic acid, glucuronic acid, rhamnose and glucosamine derived from a marine species of Vibrio is also known to display antibiofilm activity against P. aeruginosa without showing any bactericidal activity (Jiang et al. 2011) .
The efficiency of the BS-SLSZ2 against infections was tested using A. salina. It is one of the important live feed for cultured crustaceans and fish, a well-known model system for infection related and ecotoxicology studies (Tkavc et al. 2011) . Additionally, it can adapt quickly to changes in temperature, nutrient contents, salinity and has a short life cycle (Kalčíková, ZagorcKončan and Gotvajn 2012) . Several secondary metabolites derived from marine microorganisms are effective inhibitors of biofilm formation, however, there is very little information regarding their toxicity towards Eukaryotes. The application of such secondary metabolite-producing bacteria or bioactive compounds derived from them can cause adverse effects on the cultured species being treated (Neu et al. 2014) . For example, in aquaculture settings, they can negatively affect cultured fish, crustaceans and live feed such as rotifers or Artemia sp. Toxicity testing of such bioactive compounds prior to their applications thus becomes important. We have ascertained the nontoxic nature of BS-SLSZ2 and have further used it to control infections. The larvae were treated with BS-SLSZ2 biosurfactant 6 h prior to infection. Better survival was observed with A. salina treated with BS-SLSZ2 and infected with V. harveyi (67.5 ± 6.12%) in comparison with control group (5 ± 4.4%). Similarly BS-SLSZ2 effectively controlled P. aeruginosa infection. In this case, 75 ± 4.47% of treated larvae survived compared to the control group of larvae (15.83 ± 4.9%). In a similar way, a strain of Bacillus was found to protect A. franciscana larvae from V. campbellii infection when treated 6 h before infection (Niu et al. 2014) . The results of these studies revealed the efficiency of this glycolipid BS-SLSZ2 in protecting A. salina larvae against infections caused by V. harveyi and P. aeruginosa.
In conclusion, an epibiotic marine culture of S. lentus SZ2 was found to produce a novel glycolipid BS-SLSZ2 that contained threose as the glycone component. Hexadecanoic and octadecanoic acid were the aglycone components. This biosurfactant BS-SLSZ2 displayed a low CMC value and was particularly effective in lowering the water CA on polystyrene surfaces. The glycolipid BS-SLSZ2 efficiently inhibited biofilm formation and disrupted pre-formed biofilms of V. harveyi and P. aeruginosa. The glycolipid BS-SLSZ2 displayed anti-adhesive activity that prevented the initial attachment of cells to surfaces. The compound did not display any bactericidal activity. The glycolipid effectively protected the Eukaryotic model organism A. salina against pathogens. This study thus highlights the possibility of using non-toxic, natural products in handling infections particularly in this era when antibiotic-resistant strains are emerging.
